The permeability of the alveolar-capillary membrane to a small molecular weight protein, horseradish peroxidase (HRP), was investigated by means of ultrastructural cytochemistry. Mice were injected intravenously with HRP and sacrificed at varying intervals. Experiments with intranasally instilled HRP were also carried out. The tissue was fixed in formaldehyde-glutaraldehyde fixative. Frozen sections were cut, incubated in Graham and Karnovsky's medium for demonstrating HRP activity, postfixed in OSO4, and processed for electron microscopy. 90 sec after injection, HRP had passed through endothelial junctions into underlying basement membranes, but was stopped from entering the alveolar space by zonulae occludentes between epithelial cells. HRP was demonstrated in pinocytotic vesicles of both endothelial and epithelial cells, but the role of these vesicles in net protein transport appeared to be minimal. Intranasally instilled HRP was similarly prevented from permeating the underlying basement membrane by epithelial zonulae occludentes. Pulmonary endothelial intercellular clefts stained with uranyl acetate appeared to contain maculae occludentes rather than zonulae occludentes. HRP did not alter the ultrastructure of these junctions.
INTRODUCTION
The permeability of the alveolar-capillary membrane to solutes and water has been the subject of many physiological studies (4, 5, 8, 11, 27, 29) . However, no attempts have been made to demonstrate morphologically the diffusion barrier to proteins inferred by physiologists, largely becauseof the lack of adequate electron-opaque tracers which are of small enough dimensions and can be localized sufficiently sharply to reflect physiological events. With the development of a method for the ultrastructural localization of horseradish peroxidase (HRP), such a tracer is now available (15) .
The ultrastructure of the mammalian alveolarcapillary membrane was first described in 1952 by Low (22) who conclusively showed the continuous nature of the alveolar epithelium. Later studies of the mouse lung by Karrer (19) further clarified the structure of the alveolar wall. It is now well established that the alveolar-capillary membrane, in its most tenuous portions, is composed of a continuous layer of squamous alveolar cells (type I), interspersed by great alveolar cells (type II), and separated from the underlying capillaries by a basement membrane. The endothelium of the capillaries is continuous and nonfenestrated. In addition, there is indirect evidence that a lipoprotein layer coats the surface of the epithelium, although this layer is usually not seen in routine electron micrographs. In thicker portions of the alveolar wall a few fibroblasts, elastic, and collagen fibers may be seen (28) .
The permeability properties of the alveolarcapillary membrane are clearly of importance in understanding the mechanism of formation and resolution of edema fluid. Drinker et al. (11) , from their studies with dye-labeled proteins, suspected that the chief barrier to absorption of proteins from the alveolus lies in the alveolar epithelium, rather than in the capillary endothelium. Indeed, recent physiological studies by Taylor et al. (29) show that the over-all permeability properties of the alveolar-capillary membrane more closely resemble those of a cell membrane than those of a capillary endothelium. Thus, these workers also suggest that the alveolar epithelium represents the major barrier to diffusion of water-soluble solutes across the alveolar membrane.
The present study attempts to define morphologically the permeability barrier to the passage of a low molecular weight protein, such as HRP, across the alveolar-capillary membrane, and suggests that this barrier resides in the zonulae occludentes (12, 13) between alveolar epithelial cells.
MATERIALS AND METHODS

Animals
EXPERIMENTS WITH INTRAVENOUS HRP:
Twelve unanesthetized female mice, weighing about 25 g each, were injected intravenously via the tail vein with 5-6 mg HRP (type II, Sigma Chemical Co., St. Louis) dissolved in 0.5 ml of 0.15 M saline. The mice were sacrificed by dislocating the neck at intervals from 1 to 60 min. Two mice were given two 5 mg doses of HRP at 15-min intervals and sacrificed 15 min after the last injection.
Since HRP has been observed to cause increased vascular permeability in rats, owing to histamine and serotonin release, but not in mice (7), a histamine and a serotonin antagonist were given before the HRP. This was done by the injection of 1 mg/kg body weight pyrilamine maleate and 1 mg/kg body weight BOL 148 (2-brom-o-lysergic-acid diethylamide, Sandoz) dissolved in 0.5 mi of 0.15 M saline 5 min before the injection of 5 mg of HRP intravenously. The mice were sacrificed 3 min after HRP administration. Preliminary experiments on mice had been done with intravenously administered Evans Blue dye as a marker to demonstrate increased vascular permeability produced by intradermal injections of histamine (1:10,000) and serotonin (1:10,000). Half the animals received pyrilamine maleate and BOL 148 intravenously in the above doses before receiving histamine and serotonin. In all instances, these dosages were effective in completely inhibiting the increased vascular permeability due to exogenous histamine and serotonin.
EXPERIMENTS WITH INTRANASAL HRP:
For study of the uptake of HRP from the alveolar lumen, 6 mice were anesthetized with 3 mg/100 g body weight pentobarbital sodium given intraperitoneally. 2.5 mg of HRP and 1 mg of Evans Blue dye were dissolved in 1 ml of rat serum. 0.05 ml of this solution was given intranasally over 1 hr. The animals were allowed to recover from the anesthesia and sacrificed 2-6 hr later. Preliminary experiments on 10 mice had shown that doses of HRP greater than 10 mg/ml caused the death of alveolar epithelial cells with extensive permeation by HRP of the underlying basement membrane. Evans Blue dye was added to aid in the gross localization of inhaled HRP.
CONTROL EXPERIMENTS:
For a test of whether HRP changed the permeability of endothelial junctions to allow the passage of ferritin, mice were injected intravenously with 50 mg of cadmium-free ferritin (kindly supplied by Dr. G. I. Schoefl) in 0.5 ml of 0.15 M saline and sacrificed after 1 hr. In addition, mice were given 50 mg of cadmium-free ferritin in 0.5 ml of 0.15 M saline and 5 min later were given 5 mg of HRP dissolved in 0.5 ml 0.15 M saline, and were sacrificed 5 min after receiving HRP. No histochemical reaction was carried out on pulmonary tissue from these animals. Animals uninjected with HRP or ferritin served as further controls.
Fixation
The thorax was opened, and the lungs were allowed to collapse spontaneously. The trachea was exposed, a 22-gauge needle inserted, and 0.5 ml of cold formaldehyde-glutaraldehyde (FG) diluted (1:4.5) with 0.1 m cacodylate buffer, pH 7.6, (17) was infused slowly into the lung while the fixative was simultaneously dripped onto the pleural surface. The lungs were fixed in situ for 5 min. The right lung was removed and the lobes were partially cut into slices, 1-2 mm thick. Each lobe was grasped at one tip by a hemostat and fixed by submersion in cold, diluted (I :4.5) FG fixative for 3 hr. The tissue was washed overnight in cold 0.1 M cacodylate buffer, pH 7.6.
Incubation
Frozen sections, 45 thick, were cut on a Leitz freezing microtome equipped with a Pel-Cool thermoelectric freezing stage. The sections were incubated at room temperature for 10 min in 5 mg of 3,3'-diaminobenzidine tetrahydrochloride (Sigma Chemical Co.) dissolved in 10 ml of Tris-HC1 buffer, pH 7.6. 0.1 ml of 1% H202 was then added, the Following incubation, the sections were washed embedded in Araldite (24) . Thin sections were cut three times in distilled water and postfixed for 80 on an LKB ultrotome and stained with lead citrate FIGURE 2 Lung from mouse sacrificed 90 sec after HRP injection. Reaction product in the capillary lumen extends through the endothelial intercellular cleft (FnC) into the adjacent basement membrane (BM). In Fig. 2 a, the staining of HRP is quite light. Reaction product is present in endothelial invaginations on both the capillary side ( Fig. 2 a) and alveolar side ( Fig. 2 b, c) of the cell (arrows). Several apparently unattached vesicles also contain reaction product ( Fig. 2 b, c). X 46,000.
(31) and examined in an RCA EMU-3F or an AEI EM6B electron microscope.
OBSERVATIONS
Light Microscopy
Although most of the observations were made on tissue obtained from the right lower lobe of the lungs, no difference could be detected in tissue taken from other lobes. Brown reaction product was clearly visible in the capillary lumen and basement membrane 90 sec after injection of HRP.
However, it became progressively less prominent in tissue obtained later than 15 min after injection. 1 hr after injection, the reaction product was patchy in distribution and absent in many areas. Rare platelet thrombi were observed in a few 784 THE JOURNAL OF CELL BIOLOGY VOLUME 37, 1968 FIGURE 3 Lung from mouse sacrificed 90 see after HRP injection. Epithelial intercellular clefts (EpC) are free of reaction product (Fig. 8 a, c) except in a few instances where it extends a short distance into the cleft (Fig. 3 b) . Reaction product in the basement membrane (BM) extends into invaginations (arrows) on the capillary side of the epithelial cell (Fig. 8 a-c) . A few apparently unattached vesicles containing reaction product are present in epithelial cells (Fig. 3 b) , but none are seen to discharge their contents into the alveolar space (AS). a, X 70,000. b, c, X 67,000.
capillaries, but these were absent in specimens obphous, or sometimes granular deposits, was fairly tained later than 15 min after HRP injection.
uniformly distributed in pulmonary tissue fixed 90 sec after injection of HRP. The distribution of Electron Microscopy reaction product at this stage will be described in EXPERIMENTS  WITH INTRAVENOUS  HRP: detail. Reaction product, in the form of black, amorReaction product was present free in the vascu-lar lumen and extended through endothelial intercellular clefts into the adjacent basement membrane (Fig. 2 a-c) . It was evenly distributed throughout the basement membrane, but failed to permeate elastic fibers (Fig. I) . Endothelial pinocytotic vesicles in various locations in the cell contained reaction product. Several of these vesicles were seen as invaginations of the cell membrane with reaction product extending into them from the capillary lumen (Fig. 2 a) , while many appeared as unattached vesicles within the cell (Fig. 2 b, c) . Similarly, reaction product present in the basement membrane extended into invaginations on the alveolar side of the endothelial cell ( Fig. 2 b, c) .
Epithelial intercellular clefts between squamous alveolar cells were free of reaction product (Fig.  3 a, c) , although in a few instances reaction product extended, from the basement membrane, a short distance into the cleft (Fig. 3 b) . Although reaction product was present in intercellular clefts between great and squamous alveolar cells, it was consistently absent from the short luminal segment of the cleft (Fig. 4) . A few vesicles in the squamous alveolar cells contained reaction product; however, these vesicles were usually connected to the basal cell membrane of the epithelial cell (Fig. 3 a-c) . Occasionally, they were observed to be apparently free within the epithelial cell cytoplasm (Fig. 3 b) . No vesicles containing reac-FIGURE 4 Lung from mouse sacrificed 90 sec after HRP injection. The epithelial intercellular cleft (EpC) between a great alveolar cell (GA) and a squamous alveolar cell (SAC) contains reaction product except in the luminal segment of the junction where it is consistently absent. A small deposit of reaction product is seen near the base of the cell (arrow), but this is a very rare finding. X 46,000. tion product were seen to fuse with the alveolar side of the cell membrane and to discharge their contents into the alveolar lumen. Except for a rare vesicle containing reaction product (Fig. 4) , there was no pinocytotic uptake of HRP by the great alveolar cells even 60 min after injection or after giving the animal multiple doses of HRP. Reaction product was occasionally seen in connective tissue cells in the alveolar membrane (Fig. 1) .
Tissue taken from lungs fixed later than 15 min FIGURE 5 a Lung from an uninjected control mouse showing a portion of a capillary lumen (CL) and two endothelial intercellular clefts. In the junction on the left (arrow) there is a distinct gap between the bounding unit membranes, whereas in the one on the right (arrow) details are obscured. X 140,000.
FIGURE 5 b
Lung from the same mouse as in Fig. 5 a. An epithelial intercellular cleft is shown. In several areas (arrows) the outer leaflets of the bounding unit membranes appear fused. This fusion usually occurs towards the alveolar end of the cleft. X 140,000. after HRP injection showed a similar but patchy distribution of the reaction product which was less dense. The distribution of reaction product in pulmonary tissue from mice treated with pyrilamine maleate and BOL 148 before HRP injection was not morphologically different from that in pulmonary tissue of untreated animals.
Pulmonary tissue from animals which had received large intranasal doses of HRP (10-25 mg/ ml) showed extensive areas of cell death, involving chiefly bronchial and squamous alveolar epithelium and free alveolar macrophages. In these preparations, the necrotic cells as well as the underlying basement membrane were diffusely FIGURE 7 a Lung from mouse given intranasal instillation of 0.13 mg of HRP in 0.05 ml of serum 3 hr previously. Reaction product is present on the alveolar surface of squamous alveolar cells and possibly in a pinocytotic vesicle (arrow). However, there is no reaction product in the epithelial intercellular cleft (EpC) nor in the basement membrane (BM). X 70,000. stained with reaction product. With lower doses of HRP (1-5 mg/ml), only a small proportion of alveoli were labeled; in those a layer of reaction product was found on the surface of alveolar epithelial cells (Fig. 7 a) . Labeled pinocytotic vesicles were only rarely demonstrated, and epithelial intercellular clefts were consistently free of reaction product. 6 hr after intranasal HRP instillation, large vacuoles containing reaction product were present in squamous alveolar cells (Fig. 7 b) while free alveolar macrophages contained large amounts of reaction product in vacuoles.
CONTROL EXPERIMENTS:
For examination of the fine structure of endothelial and epithelial intercellular clefts, lungs from uninjected mice were processed, without prior histochemical incubation, for electron microscopy. The width of the space between the outer leaflets of the bounding unit membranes of endothelial cells was variable. In some areas, the outer leaflets appeared to be closely approximated (Fig. 5 a) , although not apparently fused, whereas in others the intercellular space appeared to be obliterated. Although no serial sections were made, the study of a number of endothelial intercellular clefts in lung showed them to be similar in appearance to those studied in detail in skeletal and cardiac muscle (18) . Thus, we consider that pulmonary capillary intercellular clefts similarly contain maculae occludentes rather than zonulae occludentes. Of those junctions examined, about half could not be categorized as definitely "open" or "closed" because tilting, or extracellular density, obscured details (Fig. 5 a) . Of those junctions categorized, about two-thirds were considered "open." It was not possible to make accurate measurements. The endothelial clefts in pulmonary tissue from mice which had been given HRP but which had not been subjected to the histochemical reaction mixture showed no detectable widening or alteration of the intercellular junction. Furthermore, the presence of HRP had no detectable effect on the distribution of ferritin in the pulmonary capillaries (Fig. 6 a, b) . Ferritin particles were prominent in the vascular lumen but consistently absent from endothelial clefts. A few pinocytotic vesicles contained some ferritin, and a rare ferritin particle was observed in the basement membrane, 1 hr after ferritin was given.
Intercellular clefts between squamous alveolar cells, as compared to endothelial clefts, were longer and more tortuous. Thus, the entire length of the membranes lining the cleft was seldom perpendicular to the plane of section. Along the course of the cleft there were several areas in which the outer leaflets of the apposed unit membranes appeared fused (Fig. 5 b) . These areas of fusion were usually observed towards the luminal end of the cleft. An area of fusion was similarly observed in the luminal segment of the cleft between great and squamous alveolar cells. Since they are consistently present in all normal (perpendicular) planes of section, we consider these areas of fusion in epithelial intercellular clefts to be zonulae occludentes.
We also subjected pulmonary tissue from uninjected animals to incubation in the complete histochemical medium to ascertain the presence of endogenous peroxidatic activity. In these preparations, reaction product was observed in erythrocytes (Fig. 6 c) because of the peroxidatic activity of hemoglobin, and in granules of eosinophils and neutrophils. Alveolar macrophages found in the alveolar lumen contained irregular, membranelined deposits of reaction product. No intercellular clefts, pinocytotic vesicles, or basement membranes contained reaction product.
DISCUSSION
Physiological studies have shown that vascular endothelium behaves essentially as a semipermeable membrane with water and small water-soluble solutes diffusing through water-filled pores (23) . Restriction to diffusion of solutes is, in part, dependent on their molecular size, whereas net flow across the endothelium depends on hemodynamic forces. We have shown that nonfenestrated capillaries of the lung allow the relatively rapid passage of HRP through endothelial intercellular clefts in a manner analogous to that observed in nonfenestrated systemic capillaries (18) other than those of the brain (26) . It has been previously shown that endothelial cell junctions of heart and skeletal muscle capillaries are maculae occludentes, with a gap of approximately 40 A in width between the points of membrane approximation. It was inferred that these structures are the morphological equivalent of the small pore system (18) . We consider that the capillary junctions in lung are analogous to those in heart and skeletal muscle. Although we have been unable to demonstrate "tight" junctions as recently implied by Kistler et al. (21) , these authors did not attempt to distinguish between maculae occludentes and zonulae occludentes. The permeability of pulmonary capillaries to HRP is perhaps remarkable when one considers pulmonary capillary pressures. Estimates of the latter have been interpolated from pulmonary arterial diastolic pressures and mean left arterial pressure. Their values have been little more than half of those found in systemic capillaries (14) , thereby apparently creating conditions which do not favor the filtration of water-soluble solutes across the endothelium. Nevertheless, it is our impression that HRP crossed pulmonary endothelium faster than cardiac endothelium. We have no ready explanation for this difference; possibly differences in the nature or number of pores could account for it. The role of pinocytosis in the net transport of protein across the pulmonary capillary endothelium remains to be established and cannot be determined from our observations. The problems in interpreting the vesicular labeling of endothelium in favor of vesicular transport have previously been discussed (18) . In our experiments, ferritin showed minimal evidence of vesicular labeling 1 hr after injection.
Previous physiological work on the permeability of the alveolar-capillary membrane to urea (8) and radioactively labeled ions (4) drew attention to the unexpectedly slow rate of equilibration of urea and certain ions between blood and alveolar fluid. On the basis of this work, it was suggested that the basement membrane might function as a diffusion barrier. Moreover, Chinard (5), using the multiple indicator dilution technique, suggested that bonded water molecules are an integral part of this barrier. He divided solutes into those which enhance the normal structure of water and, therefore, enter the barrier (proteins, hydrocarbons, alcohols, gases), and those which disrupt it (ions), to explain the observed behavior of solutes in the alveolar wall. Although this hypothesis could explain the diffusion of HRP in basement membranes, it could not, when postulated, take into account the observed barrier to diffusion of HRP in the intercellular junctions of alveolar epithelial cells.
The presence of HRP in the basement membrane and its subsequent disappearance by 60 min after injection are of significance when one considers the distribution of lymphatic channels in the lung. Tobin has claimed that lymphatic vessels are absent from alveolar walls and that they make their appearance only at the level of alveolar ducts (30) . Thus, any excess interstitial fluid in the alveolar wall might diffuse along the basement membrane until it reaches a lymphatic channel at the level of an alveolar duct.
Our findings that cell junctions in intercellular clefts between alveolar epithelial cells constitute the chief barrier to diffusion of HRP across the alveolar-capillary membrane are analogous to those reported by Brightman in the choroid plexus (3). We interpret these junctions to be similar to those demonstrated morphologically (12) and physiologically (9) in epithelia of a variety of hollow organs, and, therefore, consider them to be zonulae occludentes. Farquhar and Palade have tested their hypothesis that tight junctions (zonulae occludentes) serve as impermeable seals by correlating the presence of these junctions in frog epidermis (13) with the physiologically demonstrable impermeability of the epidermis to water and certain small molecules (25) . However, the permeability properties of the lung are not entirely analogous to those of the frog epidermis: the alveolar-capillary membrane is relatively impermeable to small water-soluble solutes, but freely permeable to water. Thus, it has long been known that large amounts of water are readily absorbed from the lung (6) , and that there is rapid equilibration of water across the alveolar-capillary membrane (29) . The area of the alveolar wall through which water diffuses is not established. Recently Yudilevich and Alvarez have suggested that water may diffuse through both intercellular clefts and endothelial cells of cardiac capillaries (32); it is possible, but not as yet demonstrated, that a similar situation might pertain to alveolar epithelium.
In attempting to trace the fate of proteincontaining edema fluid, physiologists have studied the absorption of protein from the alveolar space (11, 27) . Both Drinker et al., using T1824-labeled protein (11), and Schultz et al., using I'Pl-labeled protein (27) , point out the slow rate of absorption of protein, most of the labeled protein returning to the lymphatic circulation (11) but some of it apparently entering pulmonary capillaries (27) . More recently, studies in dogs and guinea pigs (2, 10) report a relatively rapid absorption of intact, radioactively labeled serum proteins from the alveolar spaces into the circulatory system. Our studies on the fate of intranasally instilled HRP have been hampered by sampling problems, in that many alveolar spaces were not labeled; however, our observations indicate that the epithelial junctions remain impermeable to HRP when the latter is in the alveolar lumen. A small amount of HRP may be transported across the epithelium by means of pinocytotic and later phagocytic vacuoles. These findings are similar to those described by Karrer with intranasally instilled carbon particles (20) . Except in very rare instances, the absence of uptake of HRP, from the basement membrane side, by the great alveolar cells is interesting in light of the suggestion (28) 
